ABSTRACT Background: Central nervous system histaminergic tone is thought to play a role in appetite regulation. In animal models, histamine receptor 1 (HRH1) agonists and histamine receptor 3 (HRH3) antagonists decrease food intake. Objective: The objective of this study was to examine the acute effects of betahistine hydrochloride (an HRH1 agonist and HRH3 antagonist) on food intakes and appetites. Design: The study was a proof-of-concept, randomized, doubleblinded, placebo-controlled, dose-ranging study performed to examine the effects of betahistine in women with class I or II obesity [body mass index (BMI; in kg/m 2 ) of 30-39.99]. After a 24-h placebo run-in period, subjects received a placebo (n = 19) or 48 (n = 19), 96 (n = 17), or 144 (n = 21) mg betahistine/d for 24 h. Treatment was followed by a buffet test meal to assess energy intake. Hunger, satiety, and desire to eat were measured after consuming the meal by using visual analog scales. Data were analyzed by using regression models with the assumption that there would be an increasing effect of betahistine doses. Analyses were adjusted for age, log fat and lean mass, food preferences, and intake during a buffet test meal obtained during the placebo run-in period. Results: Of the 79 obese women (mean 6 SD age: 42 6 11 y; BMI: 35 6 3) enrolled in the study, 76 women completed the study. The betahistine dose did not significantly change intakes from those observed during the run-in period of the buffet test meal (P = 0.78). Hunger, fullness, and desire to eat (all P . 0.62) similarly showed no differences according to the betahistine dose. Conclusions: Betahistine did not produce an effect on food intakes or appetites. More potent histaminergic modulators may be required to elucidate the possible role of histaminergic pathways in human obesity. This trial was registered at clinicaltrials.gov as NCT00459992 Am J Clin Nutr 2010;92:1290-7.
INTRODUCTION
The prevalence of obesity [body mass index (BMI; in kg/m 2 ) 30] in adult women in the United States is estimated to exceed 35% (1) . Obesity disproportionately affects women; extreme obesity (BMI 40) is more common in women than in men (6.9% of women compared with 2.8% of men). Obesity is a risk factor for diabetes, hyperlipidemia, and hypertension in women (2) (3) (4) , all of which are associated with an increased risk of cardiovascular disease and mortality. Thus, there is great interest in developing new pharmacotherapeutic approaches to alleviate obesity that are efficacious for women.
The histaminergic neuronal system plays a role in appetite regulation in rodent models. Of the 4 known histaminergic receptors, 2 histaminergic receptors, histamine receptor 1 (HRH1) and histamine receptor 3 (HRH3), appear to play a role in the regulation of energy intake (5) . HRH1 is a postsynaptic receptor observed in the periventricular nucleus and the ventromedial hypothalamus. HRH3 is an inhibitory autoreceptor (6, 7) believed to regulate the secretion of histamine and other neurotransmitters. In animals, the administration of an intracerebroventricular histamine (8) (9) (10) or agents that inhibit histamine degradation (11) decrease energy intake. The inhibition of central nervous system histamine synthesis (12, 13) and blockage of HRH1 (14) increase feeding. Concordantly, HRH1-knockout animals showed mature-onset obesity associated with hyperphagia (15) . In addition, the inhibition of HRH3-receptor activity decreases feeding. This effect is negated when animals are pretreated with chlorpheniramine, which indicates that increased histamine availability caused by the HRH3 antagonist may act at HRH1 receptors to suppress food intake (5) . These data suggest medications with HRH1-agonist and HRH3-antagonist properties would be expected to inhibit food intake in humans.
In animal models, there is some evidence for sexual dimorphism in the histaminergic control of feeding. Female Wistar King A rats exposed to dietary histidine decreased their food intake more than do male rats or ovariectomized female rats (16) . In another study, estrogen-induced suppression of feeding was partially blocked when rats were pretreated with afluoromethylhistidine (17) . In addition, HRH1-knockout mice had less impressive estrogen-suppressed food intakes compared with those of wild-type mice.
Betahistine hydrochloride is an HRH1 agonist and HRH3 antagonist (18, 19) that has been used since the early 1960s for the treatment of Meniere disease (20) . In animal models (21, 22) , parenteral betahistine reduced food intake. Barak et al (23) reported that betahistine, at doses ranging from 16 to 48 mg betahistine/d, did not have a significant effect on weight loss relative to a placebo over a 12-wk interval in 281 adults. However, a subgroup post hoc analysis suggested weight loss occurred in non-Hispanic women 50 y old (23) , which was consistent with a potential sexual dimorphism. Betahistine administered in an open-label fashion has also been reported to reduce olanzapine-associated weight gain in 3 schizophrenic patients (compared with in historical control subjects) (24) .
Given these data, we performed a proof-of-concept, doseranging, randomized, double-blinded, placebo-controlled study to examine the short-term effects of betahistine on energy intake, hunger, and satiety. We studied only women because of the previously described data that suggested betahistine might be more efficacious in women than in men (16, 17, 23) . We hypothesized that betahistine would suppress the desire to eat and decrease energy intakes of obese women in a dose-dependent manner.
SUBJECTS AND METHODS

Design overview
We conducted a single-center trial from 29 May 2007 to 27 February 2010 (www.clinicaltrials.gov, NCT00459992). After an outpatient screening visit, volunteers were admitted as inpatients for a 3-d and 2-night stay to participate in a randomized, doubleblinded, placebo-controlled, dose-ranging study that examined the effects of betahistine hydrochloride on hunger, satiety, and energy intake during a buffet test meal (food array test). The trial was stopped once the planned number of participants were achieved.
Participants
Healthy women, aged 18-70 y, were recruited from Washington, DC, and the greater metropolitan area through flyers posted on local bulletin boards and advertisements in local newspapers. Respondents were eligible for inclusion in the study if they were in generally good health without chronic diseases that affected body weight, were menstruating regularly or menopausal (no menses for 3 mo), had a BMI between 30 and 40, and had maintained a stable weight for 3 mo. Reasons for exclusion were as follows: a history of asthma or allergic disease that requiring chronic antihistamine treatment; a history of peptic ulcer disease or use of histamine receptor 2 blockers; a history of cardiovascular disease, cardiac arrhythmias, or use of vasoactive medications, such as b-blockers, nitrates, and calcium-channel blockers; a history of anorexia or bulimia nervosa, or a bingeeating disorder; a history of another psychiatric disorder or use of antidepressants; specific dietary restrictions that would limit food choice in the standardized buffet test meal; a history of chronic kidney or liver disease; a history of diabetes; and pregnancy. The study was approved by the Institutional Review Board of the Eunice Kennedy Shriver National Institute of Child Health and Human Development. Written consent was obtained from all participants. Subjects were compensated monetarily. An independent data-safety monitoring board oversaw the study.
Study protocol
Participants who were deemed eligible after phone screening were evaluated at an outpatient screening visit in the outpatient clinic of the National Institutes of Health (NIH) Hatfield Clinical Research Center (CRC). A physician or nurse practitioner performed detailed histories and physical examinations of subjects, and electrocardiograms and pulmonary function tests (pre-and postbronchodilator spirometry) were performed. Questionnaires (25) (26) (27) were administered to screen for the presence of eating disorders, and subjects completed a 50-item food-preference questionnaire that included, but was not limited to, all food and beverage items that would be presented in the study buffet test meals. Subjects who met any of the exclusion criteria (including the presence of an eating disorder) or who disliked 50% of the items that were presented in the buffet test meal were excluded. Subjects who qualified were invited to attend the inpatient visit.
On the day before admission to the CRC, subjects were instructed to avoid antihistamine medications as well as food items that are known to contain high amounts of histamine or histidine, such as red meats, seafood, cheeses, and caffeinated and alcoholic beverages. Subjects completed written 24-h food records to assess compliance with the dietary regulations, which were reviewed by study dietitians. Subjects were admitted to the CRC in the afternoon on the placebo run-in day. Assessments included an interview by using a standardized questionnaire that was specifically directed toward symptoms potentially related to the medication as well as an electrocardiogram and measurement of vital signs. After the 24-h, single-blind, placebo run-in period, participants entered the double-blinded, placebo-controlled, betahistine-treatment phase during which they were randomly assigned to one of 4 groups that received a placebo group or 16, 32, or 48 mg betahistine hydrochloride administered 3 times a day (at 2200, 0600, and 1400). The buffet test meal was administered at 1500 daily during the inpatient stay: first during the placebo run-in period and second after subjects had received 3 doses of study medication. Appetite was also assessed throughout the stay.
Randomization and dispensing of study medication
For the double-blinded portion of the study, investigators assigned consecutive code numbers to participants from prespecified lists stratified by race-ethnicity and degree of obesity (BMI of 30-34.99 and 35-39.99) into 6 strata. The NIH Clinical Center Pharmaceutical Development Section used permuted blocks with stratification to generate the allocations that translated code numbers into study-group assignments by using a pseudorandom number program. Betahistine hydrochloride (16-mg capsules) and matching placebo capsules, which were formulated to appear indistinguishable from the betahistine capsules, were provided by Obecure Ltd (Ramat Gan, Israel) under a cooperative research agreement with the Eunice Kennedy Shriver National Institute of Child Health and Human Development. The NIH pharmacy staff, independent of the investigational team, packaged, labeled, and dispensed the study medication. No participant, investigator, or other medical or nursing staff who interacted with participants was aware of study-group assignments during the trial. During the placebo run-in period, all subjects received 3 doses, each of which consisted of 3 placebo capsules (at 2200, 0600, and 1400). During the double-blinded portion of the study, subjects were randomly assigned to receive either the placebo (3 capsules per administration) or one of 3 different doses of betahistine (16, 32 , or 48 mg betahistine) 3 times daily (at 2200, 0600, and 1400). Because the betahistine was packaged as 16-mg capsules, subjects who were randomly assigned to receive 16-and 32-mg doses also received sufficient placebo capsules so that each subject always received 3 capsules at each scheduled time.
Diet, buffet test meals, and appetite assessment
Throughout their inpatient stay, subjects were prescribed diets intended to maintain energy intake appropriate for calculated energy requirements (isocaloric) according to the Mifflin St Jeor equation (28) with an activity factor of 1.3 (expecting that activity would be limited during the admission). During their admission, subjects received a standardized dinner with a macronutrient content consisting of 55% of energy from carbohydrates, 30% of energy from fat, and 15% of energy from protein. The dinner on the day of admission was designed to provide 40% of the estimated total daily energy requirements. On the second day of the admission, the energy content of each subject's dinner was set at the subject's calculated total daily energy requirement minus the energy consumed at breakfast and at the lunch buffet test meal (with a minimum of 300 kcal for dinner). Breakfast on days 2 and 3 were standardized and contained '15% of predicted total daily energy requirements (300-400 kcal).
Subjects ate twice from a lunch buffet test meal administered at 1500 (29) , once on the placebo run-in day, and once on the randomized study day. Subjects ate alone and unobserved in a room free of food stimuli. The buffet supplied a total of '11,000 kcal and contained palatable food and beverage items that varied in macronutrient and energy contents ( Table 1) . Participants were instructed, "Let yourself go and eat as much as you would like. You may eat as much of anything as you would like to, but you do not have to eat anything that you do not like." The consumed amount of food and beverage was measured as the weight difference of each item before and after eating. The caloric and nutritional composition of each food item was calculated by using data from the US Department of Agriculture National Nutrient Database for Standard Reference (US Department of Agriculture, Agricultural Research Service, Beltsville, MD), and the foodmanufacturer nutrient information was obtained from food labels.
Appetite was assessed by using visual analog scales (VASs) (30) in which subjects rated their degree of hunger, fullness, and desire to eat on a 100-mm scale. These assessments were administered before breakfast and every hour thereafter until the buffet test meal. VAS tests were again performed immediately after the buffet test meal and again at 1600.
The total body fat and lean mass for each subject was assessed during the inpatient stay by using dual-energy X-ray absorptiometry (Hologic 4500A software, version 11.2; Hologic, Bedford, MA).
Monitoring of adverse events
At the conclusion of the study, each subject was asked to report any new symptoms by using the same standardized questionnaire that was administered on the day of inpatient admission. Vital signs (ie, heart rate, blood pressure, and temperature) were also monitored throughout the study. 
Statistical analyses and power calculations
The primary endpoint was the change in measured energy intake (in kcal) (ie, the intake on the placebo run-in day minus the intake on the randomized study day) from the buffet test meal. From previous buffet test-meal studies that examined energy intake in our laboratory, we determined one SD as 450 kcal. With the use of Gpower power-calculation software (version 2.0; Department of Psychology, Bonn University, Bonn, Germany) (31), we calculated that 58 subjects would be needed to detect a dose-response relation in multiple regression analysis where 15% of the variance in change in intake was attributable to the betahistine dose with a power of 0.80 and a = 0.05. Thus, we sought 80 subjects to allow for up to one-quarter of subjects who might not complete the study.
For the primary outcome analysis of the mean change in energy intake, we used a multiple linear-regression model to determine the effect of escalating doses of betahistine; initial independent variables were age and race. We added log fat and lean mass, the percentage of items disliked from the buffet test meal, and the percentage of actual relative to predicted total daily energy requirements on the run-in day to adjust for other variables that may influence energy intake. A secondary analysis of the primary outcome was performed by using analysis of covariance to seek differences between the placebo and different doses of betahistine with the same covariates as in the primary analysis. A one-factor analysis of variance was also performed with post hoc analysis by using Dunnett's method with adjustments for multiple comparisons, and the effects of betahistine on 4 Measurements obtained by using dual-energy X-ray absorptiometry.
individual groups were examined. All subjects with complete energy-intake data were used for the primary outcome analysis.
All subjects who received a single dose of study medication were included in the safety analyses. Safety was examined by using contingency-table analysis. For analyses of changes in hunger, fullness, and desire to eat throughout the randomized study medication day, we used repeated-measures analysis of covariance with adjustments for age, race, log fat and lean mass, and the percentage of items disliked from the buffet test meal. P , 0.05 was considered significant for the primary-outcome analysis of change in energy intake. For the secondary-outcome analysis with multiple measures (ie, changes in macronutrient intake and appetite assessments), we used a Bonferroni correction with P , 0.017 considered significant. However, nominal P values are supplied.
RESULTS
Randomization and baseline characteristics
Flow through the study is shown in Figure 1 . Seventy-nine women were randomly assigned to receive a placebo or one of the 3 betahistine doses. There were no significant differences in age, percentage body fat, BMI, or biochemical indexes for subjects who were randomly assigned to receive the placebo than for subjects who were randomly assigned to receive betahistine ( Table 2) . Three subjects were excluded from the outcome analyses as follows: one subject was excluded because of a prolonged corrected electrocardiographic QT interval that was detected only after randomization (but before medication administration), one subject was excluded who received incorrect medication, and one subject was excluded who withdrew consent to participate in the study.
Buffet test-meal energy intake
The primary outcome of the mean change in energy intake during the buffet test meal from the placebo run-in day to the betahistine-treatment day, with adjustment for age and race, did not differ significantly in women who received 0, 48, 96, or 144 mg betahistine/d [effect of dose: standardized b coefficient (95% CI) was 20.03 (21.6, 1.2); P = 0.78]. The next analysis, which accounted for age, race, log fat and lean mass, the percentage of items disliked from the buffet test meal, and the percentage of actual relative to predicted total daily energy requirements on the run-in day similarly showed no significant effect attributable to the betahistine dose [effect of dose: standardized b coefficient (95% CI) was 20.08 (21.7, 0.8); P = 0.49] (Figure 2A) . We also performed a post hoc subgroup analysis in women 50 y of age; the betahistine dose again showed no significant effect on energy intake (effect of dose: P = 0.76). Similarly, the total energy intake on the betahistine-treatment day, with intake controlled for on the placebo run-in day, was not different in women who received the placebo or 48, 96, or 144 mg betahistine/d (effect of dose: P = 0.76) (Figure 2B ), while accounting for the same covariates as above. There was also no significant difference observed when all subjects who received any dose of betahistine were compared to subjects who received the placebo (P = 0. 16 ). An exploratory analysis of variance with repeated measures that was performed without any covariates showed no significant dose (P = 0.47) or dose · time interaction (P = 0.19). The post hoc multiple-comparisons analysis against the placebo group, which was adjusted by using Dunnett's method, showed no effect in any of the groups (P = 0.35 for the 48-mg betahistine/d group, P = 0.99 for the 96-mg betahistine/d group, and P = 0.98 for the 144-mg betahistine/d group).
Macronutrient energy intake, which was expressed as a percentage of total energy intake ( Figure 3) , was not different between placebo and treatment groups for protein (P = 0.10) (Figure 3A ), fat (P = 0.15) (Figure 3B ), or carbohydrate (nominal P = 0.02) ( Figure 3C ). Despite the significant nominal P value for carbohydrate intake, after using a Bonferroni adjustment, the P value only indicated a trend toward significance; subjects who received the medication tended to have a greater percentage energy intake from carbohydrates. This model was adjusted for age, race, log fat and lean mass, the percentage of items disliked on the buffet test meal, and the corresponding percentage macronutrient energy intake on the placebo run-in day. FIGURE 2. Energy intake during buffet test meal. Change in caloric intake from baseline on the betahistine-treatment day (D kcal; A: linear regression model adjusted for age, race, log fat and lean mass, percentage of items disliked from buffet test meal, and percentage of actual relative to predicted total daily energy requirements on the run-in day, with dose as a continuous variable; P = 0.49) and actual caloric intake on the betahistinetreatment day (total buffet kcal; B: linear regression model adjusted for age, race, caloric intake during buffet test meal on the run-in day, log fat and lean mass, percentage of items disliked from buffet test meal, and percentage of actual relative to predicted total daily energy requirements on the run-in day, with dose as a continuous variable; P = 0.76). s, placebo (n = 19); :, 48 mg/d (n = 19); P, 96 mg/d (n = 17); d, 144 mg/d (n = 21).
Appetite
Ratings of hunger, fullness, and desire to eat are shown in Figure 4 . After the buffet test meal, there was no significant effect of treatment on the ratings of hunger (P = 0.66), fullness (P = 0.62), or desire to eat (P = 0.90). These models were adjusted for log fat and lean mass, the percentage of items disliked on the buffet, and the corresponding VAS rating after the buffet test meal on the placebo run-in day. Likewise, ratings of hunger (P = 0.63), fullness (P = 0.88), and desire to eat (P = 0.30) were not significantly associated with the betahistine dose at any time point during the day (Figure 3 ).
Adverse events
No subjects reported a serious or life-threatening adverse event. Overall, nonserious adverse events were similar between women in the placebo and betahistine groups. The most common adverse event was a headache, the frequency of which did not differ between treatment and placebo groups ( Table 3) . There was no difference between groups in changes in corrected electrocardiographic QT interval.
DISCUSSION
Despite compelling evidence in animals (21, 22) that implicated the central nervous system histaminergic tone in energy homeostasis, betahistine, an HRH1 agonist and HRH3 antagonist, showed no acute dose-dependent effects that suggested it potently suppressed eating. Measures of appetite (ie, hunger, satiety, and desire to eat) were similar between placebo and betahistine groups, and concordantly, there was no significant betahistine dose-dependent difference in energy intake observed during the buffet test meal.
In a post hoc subgroup analysis, Barak et al (23) reported somewhat greater weight loss (24.24 6 3.87 compared with 21.65 6 2.96 kg) in non-Hispanic white women aged 50 y who took 48 mg betahistine/d rather than a placebo during a 12-wk randomized controlled trial. Such findings, in addition to animal studies that observed an effect of sex and estrogens on the histaminergic-suppression of food intake (16, 17) , suggested betahistine might be effective as an appetite suppressant uniquely in women. Our findings in the current study, which enrolled only women, did not support this hypothesis, because all subjects combined and subjects ,50 y of age did not show a significant dose-dependent response to betahistine treatment.
After multiple comparisons were controlled for, there was a nonsignificant trend toward a betahistine effect on carbohydrate intake, with an increased percentage of carbohydrate intake observed among subjects given higher doses of betahistine. We observed no corresponding decrease in fat and protein percentage consumption. The significance of these findings remains unclear; larger clinical studies are required to confirm this result.
Strengths of the current study included the randomized design, the inpatient tightly monitored setting, the sample size that was adequate to detect a 15% change in intake attributable to the betahistine dose, and the use of a placebo run-in period to acclimate subjects to the experimental situation. A limitation for the generalizability of the current study is in the exclusion of men. However, we purposefully intended to examine the effect on women given the limited data that suggested the possibility of a more robust response in women. It is also possible that effects of betahistine might have been more readily detected in lean women who might be anticipated to have energy intake regulatory systems with fewer genetic or environmentally induced alterations that might diminish responsiveness. We did not examine the long-term effect of betahistine on food intake, and it remains possible that the administration of higher doses for a longer period of time could induce some effect. Animal studies have shown effects at somewhat higher doses. For example, 4 and 8 mg betahistine/kg body weight diminished energy intakes in pygmy goats (21) , whereas the highest dose in the current study was '1.3 mg betahistine/kg body weight. This maximum dose was selected because it was the highest dose for which prior human safety data were published (20) . Finally, there are data consistent with a role for central nervous-system histaminergic tone as a modulator of the weight gained after exposure to antipsychotics such as olanzapine (24, (32) (33) (34) . Our study was limited to obese, otherwise healthy women, and thus, we cannot exclude an effect of betahistine on antipsychotic-induced weight gain.
In conclusion, we showed no evidence that betahistine acutely decreases energy intake or suppresses appetite. It remains possible that a longer period of administration or higher dose may be necessary to show the effect of this compound on energy intake. Medications more potent than betahistine may be required to show conclusively whether histaminergic tone plays a role in human energy homeostasis. 
